Tensile armor in flexible pipes consists of two or more layers of steel wires. Damage to the outer sheath may cause ingress of seawater in the annular space and thus corrosion of the armor wires. This work focused on the susceptibility of these wires to stress corrosion cracking (SCC) and hydrogen embrittlement (HE) using a slow strain rate test (SSRT) under a bending load in an environment that contains chlorides. The behavior of two different microstructures was compared: martensite and pearlite plus ferrite. Furthermore, the materials were mechanically and metallurgically characterized. The results indicate that martensitic steel is more sensitive to both hydrogen embrittlement and stress corrosion cracking than pearlitic-ferritic steel.
Introduction
Flexible pipelines are offshore equipment extensively employed in oil and gas sector as oil production and gas injection pipes; the former conducting oil and hydrocarbons and the second mostly employed to enhance oil production capacity of old wells. The structure are fabricated using several metallic and nonmetallic layers and have been attracting a significant amount of attention as a successful solution for deep and shallow water risers and flowlines systems worldwide
1 . An image representing a flexible riser is presented in Figure 1 2 . The riser is composed of polymeric layers that work as sealing, insulating and/or anti-wear components 3, 4 , while the metallic layers withstand imposed and structural loads 1, [5] [6] [7] . One of these metallic layers, the tension armor, is a structural layer with a lay angle between 20 and 55 degrees 8 . This layer consists of helically wound flat metallic wires that are typically counter-wound in pairs and are generally made of carbon steel 9 , can completely or partially sustain the tensile loads of a pipeline 1, [10] [11] [12] [13] and are the object of study in this paper.
One of the main problems associated with the integrity and performance of the metallic components in flexible risers concerns the contact between tension armor wires and seawater caused mainly by damage to the external sheath layer 14, 15 . In this context, if seawater enters the annular space between the outer sheath and the sealing layer and makes contact with wires from tension armor, failure caused by environmentally assisted cracking (EAC) must be considered 14, 16, 17 . Even minimal uniform corrosion could produce a brittle fracture, resulting in rupture of the wires, which significantly reduces the structural capacity of the pipe and leads to its premature failure 6 . The difficulty in detection of cracks before sudden failure is among the industry major concerns and, consequently, the aim of failure analysis research. Frequently, the occurrence of certain types of EAC, in special stress corrosion cracking (SCC) and hydrogen embrittlement (HE) depends on the simultaneous presence of three requirements: i. a susceptible material; ii. reactive environment; and iii. sufficient tensile stress to induce cracking 18 . The interactions between these corrosion and mechanical factors are the key to understanding failure by cracking in SCC or HE phenomena.
These types of EAC are often observed in pipes and tubes, especially in the oil and gas sectors 11, [19] [20] [21] [22] [23] . However, they occur by different mechanisms. Whereas SCC is a process under the anodic regime, HE is essentially a process under the cathodic regime 18 . The susceptibility of steel to these types of EAC is often related to the chemical composition; surface state -such as the surface roughness and presence of Figure 1 . Typical cross section of a flexible pipe. Adapted from [2] defects and stress concentrators; and mechanical resistance of the material [24] [25] [26] . There are few studies on the influence of microstructure in the EAC processes of steel. The presence of SCC in austenitic steel was reported by Rondelli et al., who demonstrated anodic control through the breakdown and repair of a passive film in sodium hydroxide 27 . Nevertheless, some authors have even reported the existence of this type of failure in ferriticpearlitic and martensitic steels. Carneiro et al. showed that polygonal ferritic-pearlitic grained microstructure steel had a crack growth rate higher than that observed in steel with a very refined microstructure 28 . Prawoto et al. demonstrated that the martensitic microstructure had a higher susceptibility to SCC than that of the ferritic-pearlitic one 29 
.
Hydrogen embrittlement depends on H adsorption coverage on the surface and the amount of hydrogen traps in the material. Previous works showed that hydrogen trapping under cold working conditions produced by cold rolling increased H absorption into steel. Consequently, this microstructural condition was found to be sensitive to hydrogen embrittlement 30 . The resistance to HE is inversely correlated to the yield strength for the same steel and microstructure. However, the HE resistance and yield strength depend on the microstructure, as observed by Lu and Lou
10
, who found that steel with a fine-grained bainite plus ferrite structure is better than others with a ferrite plus pearlite microstructure.
Tension armor wires in flexible risers are responsible for sustaining the load of the overall structure and for transferring the load through the end-fitting to the platform, which is important to maintain the structural integrity of the set. The ultimate tensile stress (UTS) of these wires is their main acceptance criterion once it has a direct relation to the safety coefficient of the high responsible structures 31 . Therefore, to evaluate the effect of microstructure on the susceptibility to EAC, this study focused on the behavior of two carbon steel wires with similar ultimate tensile strengths and different microstructures, the last resulting from distinct fabrication routes, when exposed to an environment containing chlorides. In addition, the effect of cathodic protection was also explored.
Materials and Methods

Metallurgical Features
The chemical composition of two steel wires: M1 which is pearlitic-ferritic and M2 which is martensitic, were determined by optical emission spectroscopy (Model Spectrolab from Spectro). Both microstructures could be found in offshore equipment. The samples were identified as carbon steel UNS G10500; their compositions are given in Table 1 . These wires mainly differ in their microstructure and hardness and, even though the amount of certain alloying elements differ from M1 to M2, both are considered mild steels.
A conventional metallographic approach was employed for the metallurgical investigations. The samples were set with a polishing procedure using sandpapers from #120 to #1200 followed by 4-to 1-µm diamond pastes. They were etched using a 2% Nital solution to reveal the microstructure and Picral etchant for the grain size determination 32 . Microstructural analysis was carried out using optical microscopy (Olympus, BX51M) for longitudinal and transversal samples taken from the wires. The level of inclusions was determined at 100X magnification according to ASTM-E45 33 . The typical structure of cold worked components was observed in the microstructure of the M1 material shown in Figure 2 . These micrographs show a refined microstructure composed of pearlite and ferrite aligned with the cold drawing direction. The grain size could not be determined for this steel because of the high level of grain refinement achieved as a result of the cold work.
The microstructures from the longitudinal and transversal sections of the M2 steel are shown in Figure 3 and consist of a homogeneous tempered martensite. An ASTM No. 9.5 grain size was measured for the M2 material according to ASTM E 112 34 .
Electrochemical Features
Potentiodynamic polarization curves were obtained to characterize the electrochemical behavior of the studied materials. For that purpose, an electrochemical threecomponent cell was assembled in which the working electrode was the steel itself with platinum as the counter electrode and a saturated calomel electrode (SCE) as the reference. The tested environments simulated the flooded annulus condition of flexible pipes with an aerated aqueous solution containing 3.5% by weight dissolved NaCl at an initial pH of approximately 6 at room temperature. A linear sweep voltammetry procedure was executed after an hour of potential stabilization from 750 mV below the open circuit potential to 500 mV above it. In addition, polarization curves initiating around the open circuit potential (150 mV cathodic and anodic) were generated to calculate E corr and i corr .
Chronoamperometry was carried out at a potential of -1050 mV for 10 800 s to observe the behavior of each microstructure under cathodic protection. Afterwards, the samples were cleaned with acetone and stored in liquid nitrogen before thermal desorption at 400 °C for 30 minutes. This procedure allows for the amount of diffusible hydrogen in metallic materials to be obtained. All of the electrochemical and thermal desorption analyses were carried out in triplicate.
Mechanical Features
To investigate the mechanical behavior of the steel, tensile tests were performed in an electromechanical machine (Instron, 5585H) on flat subsized samples for each material according to ASTM E8/E8M/2013a 12 , and Vickers microhardness tests (Instron, Tukon 2100) were performed using a load of 0.3 kgf on the metallographic samples according to ASTM E384-11e1
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. The yield stresses and ultimate tensile strengths obtained, as well as the Vickers microhardness values, are summarized in Table 2 . The declared value of expanded uncertainty was obtained through a t-Student distribution with a coverage probability of 95.45%. The degree of freedom for each result is shown in 
Slow Strain Rate Tests (SSRT)
Rectangular wire sections with the dimensions 12 (width) x 170 (length) x 3 mm (thickness) were degreased and cleaned 36 prior to the SSRT. Each test was carried out in triplicate. A scheme of the SSRT (EMIC, DL-2000) configuration in three-point bending with a 100 mm distance between the upper rollers is shown in Figure 4 . This loading configuration and specimen geometry were adopted due to the difficulty in machining standardized tensile test specimens from the available wires as suggested by ASTM G129 37 . In addition, the slow bending test can be advantageous, as it enables high plastic deformation without necking, which is typical for traditional SSR tensile tests. Barsanti et al 37 found that a slow bending test at a 50-mm deflection was less severe than traditional slow strain rate tensile tests because the maximum deformation of the bending specimen was limited by ~20%. In this case, the SSR tensile tests provided more favorable conditions for hydrogen embrittlement because deformation could exceed 20% in the necking zone. The average local strain rate should be sufficiently slow to allow time for certain corrosion processes to take place, but fast enough to produce failure or cracking of the specimen 37 . In this work an effective strain rate of 7.7 x 10 -7 s -1 was adopted 19, 38, 39 . The test was programmed to stop when the displacement reached 30 mm.
SSRT environment and evaluation
The test solution was the same as that used in the electrochemical tests. However, solution aliquots were taken periodically at 24-h intervals to monitor the pH, and the entire solution was changed to a fresh one every time the pH dropped to 4.
To evaluate the susceptibility of steel to hydrogen embrittlement, cathodic polarization was applied using a threeelectrode cell assembly, as shown in Figure 5 . The working electrode was the steel specimen, along with a rare earthcoated titanium electrode and a saturated calomel electrode (SCE) as auxiliary and reference electrodes, respectively. The experiments were performed by applying a constant cathodic potential with respect to the steel sample, namely, -1050 mV vs SCE 40 . The samples were prehydrogenated at the same potential for 24 hours under a pre-load of 150 N.
The effect of the aforementioned environment and loading in the SCC susceptibility of the wire samples was evaluated during the SSR tests conducted at OCP. Furthermore, experiments in air were carried out to obtain a reference for the investigated conditions.
The degree of susceptibility to EAC was generally assessed by observing differences in the behavior of failure modes and the variations on mechanical properties between tests conducted in a specific environment (3.5% NaCl) with cathodic protection and at OCP and the tests conducted in a controlled environment (air). The qualitative parameters are expressed as the deflection when the fracture is reached or at 30 mm when no fracture was observed and as the area under the load vs deflection curve, which is proportional to the absorbed energy until fracture. Thus, the parameters used for comparing the losses of mechanical properties due to environment exposition were the deflection at fracture (D), the maximum bending force (F) and area below the curve (A).
These relative losses were evaluated in comparison to the values when the test were conducted in air using Equation (1), adapted from ASTM G129, for the deflection ratio corresponding to the maximum bending force 37 :
(1)
For tests carried out with cathodic polarization, the reduction in mechanical properties induced by hydrogen, i.e., the susceptibility to hydrogen embrittlement, is defined using Equation (2) 37 : where X assumes the values of deflection (D), the maximum bending force (F) or the area under the curve (A) in the results of SSRT under each condition.
Results and Discussion
Figure 5 shows potentiodynamic polarization curves for the both materials. It can be noted that the anodic reactions had a higher intensity for the martensitic microstructure than for the pearlitic one. The nobler character of pearlitic can be seen through the extrapolation of the Tafel lines: even with no consistent differences in the corrosion potential, a slightly shift of the corrosion current density was observed; the martensitic structure presented an i corr of 91.0 ± 5.4 µA.cm -2 , while the pearlitic structure showed an i corr of 48.5 ± 16.5 µA.cm -2 . This behavior could be related to the high surface energy present in the martensite structure, leading to a lower activation barrier for the anodic reactions passing by. In addition, El-Rubaiey et al. 41 demonstrated the tendency to form pitting-like corrosion in microfilms of carbides formed in the martensitic microstructure.
On the other hand, for an applied cathodic potential of -1050 mV, the cathodic current density values for martensite reached twice as high the values for pearlitic. This behavior indicated that for the same cathodic overpotential, the hydrogen reaction was greater facilitated by that martensitic structure than by the pearlitic structure. This tendency was corroborated by the chronoamperometric results, as shown in Figure 6 . Primarily, the cathodic current was slightly higher for the martensite structure, as expected after the observations of the polarization curves. The difference between the cathodic currents in martensite and in pearlite, however, started to increase after the first half hour and more significantly after reaching a steady state at 3600 s. At this time, the current developed by the martensitic structure was tenfold that observed in the pearlite structure. From the hydrogen reaction charge calculated over each curve, a value of 81.7 ± 5.35 mC.cm -2 can be seen for pearlitic, whereas for martensite, the value reached approximately 612 ± 127 mC.cm -2 . These values represent the total charge of hydrogen reduced onto the steel surface 42 but do not necessarily denote the amount of hydrogen that diffuses through the material. Notwithstanding, the pearlitic structure presented 16.0 ppm of diffusible hydrogen, while the martensitic structure showed 25.2 ppm, as measured by thermal desorption, thus indicating that not only a greater amount of hydrogen is formed but also a greater amount of hydrogen diffuses into the martensitic structure.
As reported in the literature, cementite lamellae in pearlite and martensite laths act as a diffusion barrier for hydrogen diffusion. Moreover, Luu and Wu demonstrated that hydrogen solubility increased in the martensitic structure 43 . In the case of the fine martensitic structure observed in the M2 material, the number of possible hydrogen barriers was greater than those present in M1 -composed of refined pearlitic with large islands of ferrite. In addition, Depover 44 demonstrated that the higher the carbon content, the higher the total and diffusible hydrogen. These materials have a similar carbon content; however, M2 presents a slightly greater amount of carbon than M1, helping to increase its tendency to absorb hydrogen.
The load-deflection curves obtained from SSRTs for the studied conditions are shown in Figure 7 . When tested in air, the highest force value and maximum deflection without fracture were achieved. Similar behavior was observed for the systems in solution without CP, showing little reduction in deflection and in maximum bending force with no fracture. The material with a cold-hardened microstructure without cathodic protection showed a low susceptibility to stress corrosion cracking; compared with the air tests, it showed a similar deflection and a maximum bending force. Visual inspection revealed corrosion products on the surface of samples. Nonetheless, SEM observations were not carried out due to the absence of a rupture.
On the other hand, the specimen tested under CP showed fracturing with a lower deflection and no significant changes in the maximum bending force compared to the air test. According to the previous work by Hwang and Shaw 30 , cold work increases the amount of dislocations, which in turn affects the HE because of the attraction of mobile hydrogen 45, 46 . Based on the studied conditions (Table 3) , the effect of the environment in environmentally assisted cracking of the pearlitic microstructure was quite small, as can be seen by the decline in the area under the curve reduction of 3.8%. In addition, no fracture was observed for this material tested at OCP, and all of the tests were completed at a deflection of 30 mm, the same as the air tests. In another way, with cathodic potential applied, this material presented a reduction in the area under the curve of 22.2%. In this case, fracturing was observed and a reduction of deflection of 11.8% appeared. No significant changes in the maximum bending force were observed for both, with and without cathodic protection, similar to results obtained by Vancostenable 47 , where high plastic strain was achieved even with cathodic potential applied of -1200 mV before failure for pearlitic-ferritic high strength steel.
The typical overall fracture surface of pearlitic-ferritic steel samples tested under cathodic polarization is presented in Figure 8A . The image revealed a brittle fracture surface where the main crack plane was parallel to the cold work direction and aligned with pro-eutectoid ferrite, probably acting as preferred cleavage planes for crack propagation. Fractures in these samples initiated at the tensile region of the specimens, and a mixture of transgranular and ductile tearing characterized by microvoid coalescence was observed at the crack initiation region ( Figure 8B ). The aforementioned mechanisms demonstrated that a large plastic deformation was necessary for crack initiation. However, only a transgranular appearance was observed at the crack propagation ( Figure 8C ) and final rupture ( Figure 8D ) zones, demonstrating the hydrogen embrittlement effects 48 . The load-deflection curves obtained for martensitic steel in air and in the environments with and without CP Table 3 . Area under load vs deflection curve reduction, deflection reduction and maximum bending force reduction for pearlitic-ferritic material with (X HE ) and without cathodic protection (X SCC ). are shown in Figure 9 . No samples failed when tested in air and showed extensive plastic deformation and higher maximum bending forces. The samples tested in an environment without CP cracked with a reasonable deflection prior to failure; deflection reductions of 33.8% and nearly 40% for the area under the load vs deflection curve were observed. Figure 10A shows this sample's overall brittle fracture surface. The corresponding fractographies of the initiation, propagation and final rupture regions ( Figure 10B to 10D) revealed brittle intergranular SCC, which suggested that the level of susceptibility to the environmental effect is high for this microstructural condition. According to Anderson 18 , the segregation of impurities, such as phosphorous and sulfur, produced very thin grain boundary films that made the material susceptible to intergranular SCC.
All cathodically polarized samples were sensitive to hydrogen embrittlement, showing significant decreases in mechanical properties (Figure 11 ). The samples failed at loads 40.8% lower than the maximum bending force achieved in air tests, which also indicated embrittlement, with a deflection reduction of 80.1%.
Furthermore, the overall fracture surface was completely plane, perpendicular to the wire axis (mode I propagation) as Figure 11A shows, followed by an intergranular topography, corresponding to unstable fracture 48 . Three regions of fracture surfaces are shown: crack nucleation ( Figure 11B ), propagation ( Figure 11C ), and final rupture ( Figure 11D ) regions. The presence of this cracking mode in all of the fracture surfaces suggests that hydrogen is involved in the cracking process 10, 49, 50 . In fact, the higher concentration of hydrogen is associated with an increasing in hydrogen solubility in the metal network structure reducing the cohesive force, i.e., interatomic bonds, and therefore promotes decohesion. The influence of stress results in a brittle fracture along the grain boundary, resulting in an intergranular fracture mode because of the decreased bonding strength 51 . For martensitic steel, the mechanical losses were more severe regardless of the presence or absence of cathodic protection (Table 4) . Tests in the environment without CP showed a considerable drop in deflection until failure, which was 33.8% lower than in air, suggesting a susceptibility to SCC in an environment containing chlorides. When the material was deformed under cathodic polarization, the hydrogen uptake decreased the deflection to 80.1%, which is indicative of embrittlement by hydrogen absorption into the steel. The introduction of atomic hydrogen into an alloy can dramatically reduce the toughness and ductility, as reported by several authors 49, 52, 53 . In the same way, the area under the load vs deflection curve reduction for martensitic steel showed a relatively high loss when tested in an environment submitted to cathodic protection (90.%). When tested without CP, the relative loss was approximately 38%. Figure 12 shows the correlation between the areas under the load vs deflection curve for all of the conditions. These results suggest that the environment containing chlorides was less aggressive for pearlitic-ferritic steel because cracking did not occur and the loss in absorbed energy until fracture was smaller than that observed for martensitic material. This could be associated with the poorer corrosion resistance of this steel.
The greater tendency of stress corrosion cracking observed in martensite could be linked to the pitting-like corrosion of carbide microfilms reported by Al-rubaiey 41 . Any type of localized corrosion could cause preferential points for the nucleation of cracks under a mechanical test, promoting fracture, even if the same was not expected under test conditions. Under CP, there was a significant decrease in the mechanical properties of both materials, but it was nearly six times greater for martensitic than it was for pearlitic-ferritic steel. Under this condition, the hydrogen charge and hydrogen diffusion were fairly higher in the martensitic structure. Under a mechanical load, the large amount of hydrogen in martensitic steel can lead to a preferential accumulation in the most stressed areas, resulting in a high tendency for local embrittlement and the consequent nucleation and propagation of cracks. This behavior was attenuated in pearlitic-ferritic steel, as can be expected in view of the smaller amount of diffusible hydrogen.
For both materials exposed to the environment with CP, significant changes in deflection were observed; however, it is true that in the martensitic material, this decrease was more intense. Instead, in the absence of cathodic protection, only martensitic steel showed a decrease in this parameter, as seen in Figure 13 , proving that the martensitic microstructure was more sensitive to the hydrogen effects.
Conclusions
The different microstructures, fine pearlite plus ferrite aligned in the cold drawn direction or tempered martensite influenced the mechanical properties in the presence of an environment containing chlorides at room temperature with and without a cathodic potential.
The tempered martensite was more susceptible to anodic SCC. The loss in plasticity was 31%, and the maximum bending force decreased by 12%, whereas fine pearlite plus ferrite showed a decrease of 13.8% in plasticity and 9% in the maximum bending force without failure. This behavior could be attributed to tendency to form localized corrosion, which could induce crack nucleation for the tempered martensitic microstructure.
By contrast, the fine pearlite plus ferrite material exhibited the combination of a ductile and transgranular brittle fracture micromechanism in response to a cathodic potential, as evidenced by microvoid coalescence in the initiation zone and cleavage in the propagation and final fracture zones. Notwithstanding, the tempered martensite material presented a higher susceptibility to hydrogen embrittlement under cathodic protection. In this case, the fracture micromechanism was intergranular and the loss in plasticity and maximum bending force were -93% and -36%, respectively. Both microstructures are hydrogen sensitive; however, the martensitic structure is more prone to hydrogen reduction and diffusion into the material.
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